Pullulanase (pullulan 6-glucanohydrolase, EC 3.2.1.41) was first identified by Bender and Wallenfels (5) as an extracellular enzyme from Klebsiella aerogenes which hydrolyzes the extracellular yeast polysaccharide, pullulan. The enzyme's specificity is directed towards, 1,6-aglucosidic bonds between two components that also are in 1,4-a-glucosidic linkages with other residues. This property has made pullulanase a useful agent in structural studies of oligo-and polysaccharides. Consequently considerable attention has been directed towards purification of this protein. Wallenfels et al. (25) demonstrated that the enzyme is initially synthesized bound to the surface of the cell and is thus active and available to substrate. Synthesis of the enzyme is induced bypullulan, maltotriose, or maltose. The enzyme is released into the medium in the later stages of the growth cycle. Inclusion of glucose with maltose in the growth medium inhibited the synthesis of pullulanase and the later release of cell-bound enzyme. Cell-bound pullulanase could be released by treatment with Triton X-100. This latter enzyme form after purification had a high specific activity and a molecular weight of 145,000. However, the presence of contaminating proteolytic activity was later noted with the generation of several lower-molecular-weight products demonstrating reduced activity (8) . Phenylmethylsulfonylfluoride (PMSF) was shown to I Present address: Department of Brewing and Biological Sciences, Heriot-Watt University, Edinburgh, Scotland. inhibit the protease activity. More recently the substitution of a British commercial laundry detergent, "Fairy Snow," for Triton X-100 gave a better yield of released cell-bound pullulanase (14) . This procedure yielded enzyme in two forms of different molecular weights: a highmolecular-weight form of at least 500,000 and a lower-molecular-weight form found to be about 145,000 by sedimentation analysis. The highmolecular-weight form was identified also by Bender (4) 10- fold over that from cultures in which the pH was allowed to fall.
To obtain extracellular pullulanase, cultures were allowed to grow for 48 h, at which time the cells were removed in a Cepa-Schnell continuous flow centrifuge type 62G and the supernatant fraction was concentrated 10-fold by ultrafiltration through a PM-10 membrane (Amicon Corp.). The concentrated supernatant fluid of the 48-h culture of K. aerogenes was precipitated with 1.5 volumes of cold acetone, added slowly with constant stirring. All subsequent studies were carried out between 0 and 4 C. After standing overnight, the precipitate was removed by centrifugation at 10,000 x g for 30 min and washed two times with 60% acetone (vol/vol)-1% NaCl (wt/vol), and two times with 100% acetone. After each wash the precipitate was collected by centrifugation at 12,000 x g for 15 min. The final acetone pellet was dried overnight in a desiccator containing CaCl2. The pullulanase activity was stable for at least 6 months.
A 5-g portion of this preparation was suspended in 50 ml of 50 mM tris(hydroxymethyl)aminomethane (Tris)-hydrochloride (pH 7.5)-i mM PMSF. This material was stirred gently with a glass rod periodically for 7 h, after which the solution was sedimented at 27,000 x g for 20 min. The precipitate was discarded and the supernatant fluid was dialyzed overnight against the same solution. A slurry of 20 g of DEAE-cellulose equilibrated in 50 mM Tris-hydrochloride (pH 7.5)-l mM PMSF was added and the mixture was stirred gently for 60 min. 'T'hereafter the slurry was filtered and washed twice with 100 ml of the above buffer. This was followed by three successive suspensions and filtrations with 100 ml of 50 mM Tris-hydrochloride (pH 7.5)-i mM PMSF made 500 mM in NaCl. The last three combined filtrates (about 300 ml) were concentrated to 30 ml by ultrafiltration through a PM-10 membrane.
The material retained by ultrafiltration was applied to a DEAE-cellulose column (38 by 3.5 cm) equilibrated in 50 mM Tris-hydrochloride (pH 7.5)-i mM PMSF. After a period of flow with the above buffer, elution with a linear gradient formed from 400 ml each of 50 mM Tris-hydrochloride (pH 7.5)-i mM PMSF and 50 mM Tris-hydrochloride (pH 7.5)-i mM PMSF-1 M NaCl was started. Those fractions containing pullulanase activity were combined and concentrated by ultrafiltration through a PM-10 membrane. Thereafter the protein solution was dialyzed against 20 mM sodium phosphate (pH 7) overnight. The dialyzed solution (about 7 ml) was applied to a Sephadex G-200 column (76 by 3.5 cm) in the same phosphate buffer. Fractions containing pullulanase activity were combined and concentrated as above and dialyzed overnight against 10 mM Tris-hydrochloride (pH 7.5). This dialyzed solution was applied and eluted from a hexanediamine-Sepharose column (24 by 2 cm) equilibrated and developed with the above buffer. After a period of flow, elution was changed to a linear gradient formed from 200 ml each of 10 mM Tris-hydrochloride (pH 7.5)-i M NaCl.
Extracellular pullulanase had to be passed twice through the same column to achieve apparent homogeneity. Fractions containing pullulanase activity were concentrated and dialyzed against 10 mM Trishydrochloride (pH 7.5).
Preparation of cell-bound pullulanase. Cellbound pullulanase was obtained by growing K. aerogenes in 10 liters of Czapek medium as described above. The pH was maintained about 7.0 by hourly manual additions of 2.5 M NaOH for 8 h. At this time the cells were removed with a Sharples continuous flow centrifuge and suspended in 100 ml of 10 mM Tris-hydrochloride (pH 7.5)-10 mM CaCl, containing VOL. 125, 1976 27,000 x g. The supernatant fraction was added to a slurry containing 10 g of carboxymethyl-cellulose equilibrated in 10 mM Tris-hydrochloride (pH 7.5) and mixed slowly at 4 C for 30 min to remove the GSCE. Thereafter the mixture was passed through Whatman no. 1 paper and the filtrate was dialyzed against 50 mM Tris-hydrochloride (pH 7.5)-l mM PMSF in preparation for column chromatography through DEAE-cellulose. The later purification steps were the same as those applied to the extracellular enzyme except that only one passage through hexanediamine-Sepharose was required to achieve homogeneity.
Determination of molecular weights. The molecular weights of the two pullulanases were estimated by descending gel filtration (1) . A Sephadex G-200 column (92 by 2 cm) was equilibrated with 20 mM sodium phosphate (pH 7.0)-0.1 M NaCl and calibrated with ovalbumin (43,000 daltons), chymotrypsinogen A (25,000 daltons), catalase (230,000 daltons), and aldolase (154,000 daltons).
Molecular weights of the two forms of pullulanase were estimated also by electrophoresis in polyacrylamide gels by the method of Weber and Osborn (26) modified as follows: samples of protein were prepared by incubation for 2 h at 37 C in 4 M urea, 1% SDS, 1% mercaptoethanol in 10 mM sodium phosphate buffer, pH 7. Gels 10 cm in length with a gel concentration of 7.8% were run at 2 mA per tube for 16 h at 22 C in 10 mM sodium phosphate buffer (pH 7.0) containing 1% SDS; 10 ug of protein was applied per gel. Mobilities of protein bands were compared to an internal standard, ovalbumin. Calibration of gels was determined with ovalbumin, bovine serum albumin (64,000 daltons), phosphorylase a (93,000 daltons), isoleucyltransfer ribonucleic acid synthetase (112,000 daltons), and ,-galactosidase (130,000 daltons). The gels were fixed for 30 min in 10% (wt/vol) trichloroacetic acid and thereafter stained with Coomassie blue.
Kinetic studies. Pure extracellular or GSCEreleased pullulanase was incubated for 15 min in 50 mM sodium citrate-100 mM sodium phosphate buffer (pH 5.0) or in 100 mM sodium acetate (pH 5.0) with various amounts of pullulan. Inhibition studies with Schardinger ,-dextrin followed the procedures of Marshall (13 nine were analyzed as their oxidized products (10). Serine and threonine values were obtained by extrapolation to zero hydrolysis time (15) . Molecular weights of 120,000 and 147,000, for extracellular pullulanase and GSCE-released pullulanase, respectively, were used in the calculations.
The homogeneity of the two forms of pullulanase was analyzed by acrylamide gel electrophoresis in 7.5% gels with 25 
RESULTS
Purification of extracellular pullulanase. The elution patterns of extracellular pullulanase through DEAE-cellulose and Sephadex G-200 were similar to those recorded previously (23) and therefore are not presented here. Figure 1 depicts the results of successive passages of extracellular pullulanase through hexanediamine-Sepharose after chromatography through DEAE-cellulose and G-200. As demonstrated in Fig. 1B , an apparently homogeneous protein is generated and this is confirmed by analysis with electrophoresis through acrylamide gel (Fig. 2) . This protein was stable in buffer for over 4 months when stored at 4 C without evidence of generation of lower-molecularweight products or loss of activity. Because of the reported presence of proteases associated with extracellular forms of pullulanase our considerations were directed towards the possibility that specific peptide bond cleavage might be the physiological mechanism for release of pullulanase from the cell surface. The attempts to demonstrate release of cellbound pullulanase with impure extracts of K. aerogenes containing proteolytic activity yielded results which were not reproducible. Occasionally excellent release of pullulanase was noted. However, the more frequent result was a very poor yield of released glycosidase. The reasons for the variability of observations in these studies remain obscure. To examine more closely the possibility of the role of a protease in the release of pullulanase, available defined serine endopeptidases were arbitrarily applied as potential agents. Bovine trypsin, chymotrypsin, and GSCE were used in separate experiments. GSCE was tried in these studies because of its broader specificity than either trypsin or chymotrypsin (16) . The enzyme is characterized by its stability and activity in 6 M guanidinium chloride (2, 21); however, this latter property was not a feature in the present experiments. It was found that trypsin or chymotrypsin released very little pullulanase, whereas GSCE gave excellent results. With this endopeptidase, almost all of the cell-bound pullulanase was released at 30 min with very little enzyme remaining on the cell surface as followed by measurement of pullulanase activity of washed cell suspensions. No loss in released activity was noted for at least 2 h.
The elution pattern of material released from K. aerogenes, by the action of GSCE, after passage through DEAE-cellulose is presented in Fig. 3 . The activity was associated with the main protein component which was eluted only after the application of a salt gradient. Figure 4 demonstrated the filtration pattern through Sephadex G-200 of concentrated fractions associated with pullulanase activity obtained from DEAE-cellulose chromatography. Most of the absorbance at 280 nm is associated with material that was eluted at the void volume, whereas pullulanase activity was associated with material that was retarded. Figure 5 depicts the elution pattern through hexanediamineSepharose of concentrated fractions containing pullulanase obtained after fractionation with Sephadex G-200. A single protein component containing pullulanase activity was noted. Analysis by acrylamide gel electrophoresis revealed the protein to be homogeneous (see Fig.  2 ).
The recoveries of each of the two forms of enzyme was about 15%. The yield per liter of culture of extracellular enzyme was about four times that of cell-bound enzyme.
Other studies. (Fig. 3) containing pullulanase activity. Fractions of 2 ml were collected; 50-gl aliquots were used for assays. (Fig. 4) containing pullulanase activity. Fractions of 5 ml were collected; 50-,gl samples were used for assays. (13) . His results clearly indicated competitive inhibition by the cyclodextrin. In contrast to expectations, studies with each of the two enzyme forms described in the present report reveal the inhibition by Schardinger ,B-dextrin to be noncompetitive ( Fig. 6 and 7) . (12) for the action of protease-released pullulanase on pullulan in the absence (0---0) and presence (v-----0) of Schardinger j8-dextrin (10- -.
-------.. )
,r% A^A JL procedures, and (ii) the application of hydrophobic chromatography (19, 24) as the final purification step. In each case a homogeneous product is derived through simple chromatographic techniques. The purification procedure for the GSCEreleased enzyme requires fewer steps than that for the extracellular enzyme. This can be accounted for in part by the probably fewer protein components that need to be separated from the protease-released enzyme. Nevertheless, it is evident (see Fig. 3 ) that several macromolecules are released from the cell surface by the action of the endopeptidase; it is very probable that pullulanase is not the major product solubilized by the action of GSCE. A characterization of the other released components would give further insight to the structure of the external surface of K. aerogenes.
There are several curious features of the different preparations of pullulanase that must be reconciled. It appears that in every form, except for the 500,000-dalton complex, the enzyme consists of a single nonaggregating polypeptide chain. This conclusion is derived from the various molecular weight analyses by gel filtration, sedimentation, or by SDS gel electrophoresis. Furthermore, it appears that in every preparation of enzyme of about 150,000 daltons or less only one major protein species is present initially. In any preparation, other lowermolecular-weight derivatives appear only later, presumably as products of proteolytic cleavages. This evidence strongly suggests that the same single gene product is studied in every case and that different purified enzymes are derived from different sites of cleavage by endogenous or applied proteases.
The findings of significant differences in amino acid compositions, kinetic constants, molecular weights, and effects of inhibitor can be explained by assuming that the large polypeptide chain has several structural domains with different specific functions. The very large size of pullulan makes reasonable the possible interaction of this substrate with many parts of a large enzyme. Proteolytic excision of specific amino-or carboxyl-terminal segments would give the differences in catalytic rates, substrate affinities, inhibitor affinities, and molecular weights for the different enzyme forms. GSCEreleased pullulanase has a specific activity similar to the high value reported by Wallenfels et al. (25) 
